The adenoviruses provide an excellent model system for studies of eucaryotic genes and have contributed in an important way to our general understanding of eucaryotic gene structure and expression (for a review, see reference 23) .
The adenovirus life cycle is divided into early and late phases, separated by the onset of viral DNA replication. Each phase is characterized by the expression of specific sets of genes. Generally, the early genes code for proteins that are involved in regulation of gene expression and DNA replication and the late genes code for structural proteins. During the early phase, six transcription units, designated early region 1A (ElA), E1B, E2, E3, E4, and late region 1 (Li), are transcriptionally active. Region E4 is located at the right-hand end of the genome (map units 91.3 to 99.1) (24, 29) and is transcribed leftwards. The nucleotide sequence of the E4 region of adenovirus type 2 (Ad2) (10, 14) reveals seven open translational reading frames (ORFs). A complex set of differentially spliced mRNAs that are expressed from this region have been characterized (6, 9, 16, 32, 33) , and several different polypeptides have been identified (13, 20, 31) . A few of these have been assigned to individual E4 mRNAs. Three E4 polypeptides have been studied more thoroughly. The product of ORF3 is a 14-kilodalton (kDa) nuclear protein (8, 28) . ORF6 is translated into a 34-kDa protein. This protein is associated with the 58-kDa protein encoded by region E1B, forming a complex which is located in the nucleus (27) . Finally, a 19.5-kDa product, encoded by a fusion of ORF6 and -7, has been identified (7) . Weinberg and Ketner (35) have isolated an Ad2 deletion mutant, H2dl808, which lacks most of the E4 sequences. This mutant was defective in late gene expression, viral DNA replication, and shutoff of host cell macromolecular synthesis. The mutant could only be propagated in cells that expressed the E4 region, i.e., the W162 cell line (34) . Moreover, it has been proposed that the E4 products are involved in the transition from the early to late stages of infection (37 Fig. 2A) and XbaI (data not shown). The results showed that the EcoRI-B and XbaI-C fragments of the mutant displayed an altered mobility compared with the corresponding fragments of AdS and their estimated sizes agreed with those expected. To verify further the structure of the mutant DNA, DNAs purified from Ad2, AdS, ilE4I, and plasmid pilE4I were digested with endonuclease TaqI. The resulting fragments were fractionated by gel electrophoresis. Ethidium bromide staining of the gel showed that the fragment patterns of AdS and ilE4I were identical with the exception of one DNA fragment (data not shown). The fragments were transferred to nitrocellulose as described by Southern (30) , and fragments containing the E4 region were revealed by hybridization with a nick-translated E4-specific TaqI fragment (92.0 to 97.1 map units). The 5-
The titers were plotted against length of incubation, and the results are depicted in Fig. 3 . From these data it is possible to conclude that the rate of accumulation of newly formed viruses was approximately the same in W162 cells infected with the three viruses and that the final virus yields were similar. In HeLa monolayer cells, mutant d1808 showed the severe growth defect that has been reported before (35) (Fig. 4 and 5) showed that mutant ilE4I was nondefective with regard to both DNA replication and protein synthesis. A reproducible observation was that mutant ilE4I started to replicate its DNA earlier than the wild-type virus. Small amounts of newly synthesized DNA were observed already after 8 h p.i. (Fig. 4, lane 2 (Fig. 4) , although the amount of newly synthesized DNA had reached wild-type levels at 48 h p.i. It thus appears that the d1808 mutation causes a delayed onset of DNA replication. This delay has also been observed by Yoder and Berget (37 Late proteins appeared with similar kinetics in ilE4I-and AdS-infected cells. At 24 h p.i., late viral proteins were produced at a high rate, whereas the synthesis of host cell proteins was drastically reduced. However, a few minor differences were observed. The E2A-encoded DBP was overproduced in ilE4I-infected cells at 10 and 13 h p.i. (Fig.  5A , cf. lanes 7 with 8 and 10 with 11). The identity of this protein was confirmed by immunoprecipitation, using a polyclonal antibody directed against DBP (data not shown).
We also observed that hexon protein appeared earlier in these cells than in AdS-infected cells (Fig. 5A, cf. lanes 10  and 11) . Moreover, the hexon protein was slightly overproduced in the ilE4I-infected cells. This overproduction was still observed 48 h p.i. (Fig. SB) .
Mutant d1808 showed the expected phenotypes with regard to protein synthesis. The DBP was overproduced early after infection (Fig. 5A) , the synthesis of late proteins was drastically reduced, and shutoff of host cell protein synthesis was incomplete (Fig. SB) , confirming the results reported by Weinberg and Ketner (35) . The defects in late protein synthesis and host cell shutoff were seen even 48 h p.i., when the defect in DNA replication was partly overcome.
Three different E4 mRNAs are detectable in cells infected with mutant ilE4I. Although the E4 region in the ilE4I mutant was replaced by a cDNA, we suspected that smaller mRNAs might be formed by splicing. Therefore, the structure of cytoplasmic E4 mRNAs, produced in cells infected with iIE4I, was investigated by S1 nuclease analysis. A TaqIHindIIl DNA fragment, 5'-end labeled at the TaqI site located near the polyadenylation site of the E4 mRNAs, was used as probe (Fig. 1) . S1-resistant DNA fragments were fractionated in a denaturating polyacrylamide gel, and the DISCUSSION Region E4 of human adenoviruses is extremely complex. The nucleotide sequence reveals six ORFs, all capable of encoding proteins which consists of at least 100 amino acids. Studies of the E4 mRNAs by electron microscopy, Northern (RNA) blot analysis, S1 nuclease analysis, and cDNA cloning have likewise revealed a very complex pattern of differentially spliced mRNAs (6, 9, 16, 32, 33) . Still, our current knowledge of the function of E4 gene products is very limited. Several investigators have introduced deletions and insertions into different parts of the E4 region, and the results have shown that most of the E4 genes are dispensible when the virus is propagated in tissue-cultured cells. However, mutants such as d1808 and d1366, in which almost the entire E4 region has been deleted, display a complex phenotype including defects in viral DNA replication, late protein synthesis, and shutoff of host cell protein synthesis. Mutant d1355, affecting only ORF6, shows a similar but less severe phenotype. From these studies it was concluded that the 3' portion of the E4 region encodes one or more gene products essential for viral growth in tissue-cultured cells.
To study the properties of region E4 in more detail, we have constructed mutant adenoviruses in which region E4 was replaced by cloned cDNAs. In one mutant, designated ilE4I, region E4 was replaced by a cDNA which included the ORF6 and ORF7. Thus mutant was able to replicate in both 293 and HeLa cells. Its phenotype was studied to determine whether the mutant displayed any of the phenotypic properties associated with mutants d1808, d1355, and d1366. The results showed, surprisingly, that the DNA of the mutant replicated even faster than the DNA of wild-type Ad5 (Fig.  4) , that the late proteins were efficiently produced, and that host cell protein synthesis was shut off (Fig. 5) . Thus, the E4 protein(s), expressed from the mutant, must alleviate these defects displayed by mutants d1808, d1366, and d1355.
It could be argued that second site mutations located outside region E4 account for the growth properties of mutant iIE4I. It should be noted that plaques appeared on 293 cells with comparable frequencies when wild-type fragments and fragments from the pilE4I plasmid were used for reconstruction of infectious viruses. Moreover, it has been possible to transiently rescue the d1808 virus with plasmid pilE4I in several independent experiments which also speaks against the generation of second-site mutations (G. Ketner, E. Bridge, U. Pettersson, and A. Virtanen, manuscript in preparation).
An interesting finding was that mutant idE4I showed a slightly different phenotype from that of AdS. Newly synthesized DNA occurred already 8 h p.i., when no viral DNA replication was observed in AdS-infected cells (Fig. 4) slight overproduction of hexon protein and of the DBP, encoded by region E2A, was observed, while production of the fiber protein was decreased at 24 h p.i. (Fig. 5) . Underproduction of the fiber protein was also observed with mutants d1355 and d1366 (12) and d1808 (35) . It is possible, however, that this defect is not a direct consequence of the genes in region E4 but rather is caused by the deletion of sequences required for proper transcriptional termination of the fiber pre-mRNA (35 to give rise to an mRNA which encodes the ORF6 polypeptide. An mRNA with this structure was indeed identified by S1 nuclease analysis (Fig. 6) . In addition to this mRNA, two smaller mRNAs were observed (Fig. 6) . We predict that these mRNAs correspond to previously identified E4 mRNAs (9, 32, 33) encoding an ORF6/7 fusion polypeptide (7, 13, 20, 31) Mutants with defects in region E1B or E4 have very similar phenotypes regarding the levels of late viral proteins and incomplete shutoff of host protein synthesis (2, 36) . The gene product of ORF6 is associated with the 58-kDa polypeptide of region E1B in infected cells (27) . It has been suggested that this complex, located in the nucleus, is of importance for the selective transport of viral mRNAs late during infection (36) . This defect is apparently overcome in the ilE4I virus.
